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The determination of solution-phase protein concentration ratios based on ESI-MS intensity
ratios is not always straightforward. For example, equimolar mixtures of hemoglobin - and
-subunits consistently result in much higher peak intensities for the -chain. The current
work explores the origin of this effect. Under mildly acidic conditions (pH 3.4) -globin is
extensively unfolded, whereas -globin retains residual structure. Because of its greater
nonpolar character, the more unfolded -subunit can more effectively compete for charge. This
leads to suppression of -globin signals under conditions where the protein ion yield is limited
by the charge concentration on the initially formed ESI droplets. More balanced intensities are
observed when operating under charge excess conditions and/or in a solvent environment
where both proteins are unfolded to a similar degree (pH 2.2). However, even in these cases
the overall -globin peak intensity is still twice as high as that of the -subunit. The persistent
imbalance under these conditions originates from the different declustering behaviors of the
two proteins. A considerable fraction of -globin undergoes incomplete desolvation during
ESI, thereby reducing the intensity of bare [  zH]z ions. When including the contributions
of incompletely desolvated species, the overall : ion intensity ratio is close to unity. The :
intensity imbalance can also be eliminated by a strongly elevated declustering potential in the
ion sampling interface. In conclusion, important factors that have to be considered for the
ESI-MS analysis of protein mixtures are (1) conformational effects, resulting in differential
surface activities, and (2) dissimilarities in the protein desolvation behavior. (J Am Soc Mass
Spectrom 2007, 18, 1279–1285) © 2007 American Society for Mass SpectrometryElectrospray ionization mass spectrometry (ESI-MS)has become an important tool for characterizing thebiochemical and biophysical properties of proteins
[1]. Different polypeptide chains in solution can be distin-
guished based on their mass, their ligand-binding behav-
ior [2, 3], their hydrogen–deuterium exchange (HDX)
properties [4–7], and their charge state distributions
[8–11]. Unfolded conformations generally result in higher
ESI charge states than tightly folded structures, an effect
that mirrors the lower compactness and the larger solvent-
accessible surface area of the unfolded state [12, 13]. The
combination of these features results in an unsurpassed
selectivity that greatly facilitates the detection of coexist-
ing species. One problem, however, that can complicate
the analysis of ESI-MS data is that the measured ion
intensities do not necessarily reflect the relative concentra-
tions of the corresponding proteins in solution [14]. The
apparent ionization efficiencies of different biomacromol-
ecules can vary by several orders of magnitude [15]. The
situation is further complicated by ion-suppression effects
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doi:10.1016/j.jasms.2007.04.002that may occur in protein mixtures and in the presence of
other solutes [16–19]. An improved understanding of the
relationship between ESI-MS signal response and solu-
tion-phase concentration would be beneficial for a wide
range of applications.
The upper limit of the ionization efficiency in ESI-MS
is determined by the molar concentration of excess
charge, Cq, on the initially formed electrospray droplets
[19, 20]. Cq can be estimated based on the relationship
Cq
4.2
F  KVfe
1⁄2
where K is the conductivity of the solution,  is the
surface tension of the solvent, Vf is the solvent flow rate,
e is the dielectric constant, and F  96,485 C mol
1 [19].
When analyzing a mixture containing n different pro-
tein species, the molar concentration of charge C0 that
would be required for the ionization of all proteins is
C0 
i1
n
Ci q iwhere Ci and q i are the concentration and the average
Published online April 15, 2007
r Inc. Received February 13, 2007
Revised March 31, 2007
Accepted April 5, 2007
1280 KUPROWSKI ET AL. J Am Soc Mass Spectrom 2007, 18, 1279–1285charge state, respectively, of protein i. Accordingly, two
regimes can be distinguished [21]. Under charge defi-
cient conditions (Cq  C0) only a fraction of the proteins
in the sample can be ionized. The analyte that competes
most effectively for the available charge on the droplet
surface will show the highest relative signals, thereby
suppressing the ionization of other species [22–24]. On
the other hand, charge excess (Cq  C0) corresponds to
a regime where suppression effects are much less
pronounced. From eqs 1 and 2 it follows that the latter
condition can be promoted by using low analyte con-
centrations and low flow rates [22, 25].
The native conformation of water-soluble globular pro-
teins generally exhibits a hydrophobic core consisting of
nonpolar residues, whereas most hydrophilic side chains
are located on the outside where they can interact with the
solvent. Unfolding exposes a large number of hydropho-
bic residues, thereby increasing the nonpolar character of
the protein. Our laboratory recently proposed a simple
framework to account for the occurrence of suppression
effects in mixtures containing coexisting protein conform-
ers [21]. We noted that unfolded polypeptide chains tend
to result in a much stronger ESI-MS signal response than
native proteins. The higher ionization efficiency of un-
folded proteins was attributed to their partially nonpolar
character that provides an enhanced surface activity. An
increased affinity for the air–liquid interface facilitates the
transfer of unfolded proteins into progeny droplets that
are generated from the surface layers of the parent drop-
let. Because it is these small and highly charged progeny
droplets that ultimately release analyte ions into the gas
phase, unfolded proteins tend to show higher ionization
efficiencies [26–28]. Conversely, natively folded proteins
have a lower affinity for the air–liquid interface. Thus,
these species tend to stay behind in the charge-depleted
residual parent droplet, such that their ionization is sup-
pressed. This proposed scenario [21], where unfolded
proteins compete most effectively for charge on the drop-
let surface arising from their increased hydrophobicity is
consistent with numerous mechanistic studies on the ESI
process [15, 29–33]. We demonstrated that differences in
the ionization efficiency between native and unfolded
conformers are very pronounced in the charge-deficient
regime. In contrast, suppression effects were minimized
under charge-surplus conditions [21].
The current work extends our previous findings by
focusing on a particularly interesting phenomenon. Na-
tive hemoglobin (Hb) is a ()2 heterotetramer where each
of the subunits carries a heme group. Hb is among the
most thoroughly studied protein complexes [34] and it has
been the subject of a considerable number of ESI-MS–
based investigations [11, 35–43]. Exposure of the protein
to acidic conditions induces the disassembly of the native
quaternary structure, disruption of the heme–protein in-
teractions, and extensive unfolding of the individual sub-
units [36]. ESI-MS and nanoESI-MS experiments on acid-
denatured Hb consistently reveal a strongly imbalanced
: ion intensity ratio, with considerably higher signals for
-globin [36–39, 43]. Apparently the origin of this behav-ior has not been thoroughly explored yet. Our results
reveal that in addition to charge availability and protein
conformation, a major factor responsible for the observed
imbalance is the different desolvation behaviors of the two
subunits. Apparently the conclusions reached here for Hb
should apply to other protein mixtures as well.
Experimental
Materials
Bovine ferri-Hb was purchased from Sigma (St. Louis,
MO, USA). Ammonium acetate and formic acid (98%)
were bought from Fluka (Buchs, Switzerland). Hb stock
solutions (200 M, as tetramer) were prepared by dis-
solving the protein in 10 mM aqueous ammonium acetate.
A small amount of insoluble debris was removed by
centrifugation. The supernatant was dialyzed against 10
mM ammonium acetate using a Slide-A-Lyzer cassette
(Pierce, Rockford, IL, USA) with a nominal 7 kDa molec-
ular weight cutoff. Post dialysis, samples were flash frozen
in liquid nitrogen and stored at 80 °C. Before analysis,
the stock solution was diluted to the desired tetramer
concentration (0.4 or 40 M) using 10 mM ammonium
acetate. Protein concentrations of native Hb were deter-
mined by UV-Vis spectrophotometry, based on an absorp-
tion coefficient of 280  111,060 M
1 cm1 for the tet-
ramer. This value takes into account protein and heme
contributions to the molar absorptivity [44]. The solution
pH was adjusted with formic acid. Deuterium oxide was
obtained from Cambridge Isotope Laboratories (Andover,
MA, USA). pH and pD values were measured with an
AB15 pH meter (Fisher Scientific, Nepean, Ontario, Can-
ada). Reported values for D2O-containing solutions were
corrected for isotope effects by using the relation pD pH
meter reading  0.4 [45].
Liquid Chromatography
HPLC experiments were carried out using a mobile phase
consisting of glass-distilled acetonitrile (Caledon Labora-
tories, Georgetown, Ontario, Canada) and water, both
with 0.05% trifluoroacetic acid (Sigma), resulting in pH
2.2. - and -subunits were separated on a Waters Sym-
metry 300 (Milford, MA, USA), C4 3.5 m, 2.1  100 mm
column, using a shallow linear organic gradient at a flow
rate of 100 L min1. The concentration and volume of
individual Hb injections were 4 M and 10 L, respec-
tively. Average monomer concentrations across individ-
ual peaks in the chromatogram were about 0.4 M. For
optical LC runs, a 2695 HPLC pump was coupled to a
photodiode array detector (model 996, Waters, Manches-
ter, UK). The absorption coefficients of the heme-free
subunits at 280 nm were determined using the ExPASy
web server, resulting in values of 9970 and 13,980 M1
cm1 for  and , respectively. LC-MS experiments were
carried out using a 1525 HPLC pump (Waters) under
otherwise identical conditions.
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Unless noted otherwise, ESI mass spectra were recorded
on a Q-TOF Ultima API equipped with a Z-spray source
(Waters), operated in positive ion mode at a capillary
voltage of 3.0 kV. The spectra were found to be insensitive
to changes in cone voltage between 0 and 35 V. Cone and
desolvation gas flow rates were 50 and 500 L h1, respec-
tively. Measurements were carried out using a desolva-
tion temperature of 120 °C and a source temperature of
80 °C. All spectra were acquired with an integration time
of 10 s and represent the average of at least 15 scans.
Hydrogen–Deuterium Exchange
On-line HDX was initiated by exposing 4 M Hb to a
95:5 (vol/vol) D2O/H2O mixture that contained 25 M
bradykinin (RPPGFSPFR, Bachem Bioscience Inc., King
of Prussia, PA, USA) as internal standard. The pD of
this labeling solution was adjusted with formic acid to
3.4 or 2.2. The mixture was infused on-line into the ion
source of the mass spectrometer at a flow rate of 5 L
min1 using a syringe pump (Harvard Apparatus,
South Natick, MA, USA). The relative HDX level of
bradykinin was calculated as described previously [46].
Relative HDX levels for the Hb - and -subunits were
determined by dividing the measured mass shift M by
the number of exchangeable hydrogen atoms: 228 for 
and 245 for . M values were determined as average
from the three most intense peaks in the spectra by
converting the mass-to-charge ratio values of the original
data according to M (r z) mchargeM0, where r is
the mass-to-charge ratio, z is the charge state of the ion,
mcharge is the combined mass of the z charge carriers
(protons and deuterons, their numbers being determined
by the D2O to H2O ratio in solution), and M0 is the mass
of the unlabeled protein, 15,053 and 15,954 Da for the
Figure 1. ESI mass spectrum of 50 M Hb in 10 mM ammonium
acetate at pH 6.8. Ions corresponding to the intact (holo- holo-)2
tetramer are labeled as T (holo- holo-); dimers are labeled as D.
Open circles correspond to heme-deficient dimers (holo- apo-).
Peaks marked as * and  represent monomeric holo- and apo-
subunits, respectively. Also indicated are the charge states of a few
selected ions.apo- and apo- chains, respectively [42].Results and Discussion
At near-neutral pH the ESI mass spectrum of Hb is
dominated by ions corresponding to the intact tetrameric
quaternary structure. In addition, dimeric species as well
as minor contributions from monomeric holo- and apo-
ions are observed (Figure 1). These data are consistent
with previous ESI-MS spectra recorded under native sol-
vent conditions [11, 35–37, 40]. Isotope labeling studies
have shown that nontetrameric ions in the spectrum
reflect the presence of the corresponding species in solu-
tion, that is, dimers and monomers are not products of
fragmentation processes during ESI [38].
Acidification to pH 3.4 induces protein denaturation
and results in the formation of heme-free monomeric -
and -chains [36] (Figure 2). The high charge states of
the observed protein ions show that both apo subunits
adopt considerably unfolded solution-phase conforma-
tions [ 8–11]. The spectrum in Figure 2a, recorded at a
protein concentration of 80 M for each of the subunits,
exhibits dramatically lower signal intensities for the
-subunit than for . The overall : peak intensity
ratio is 8.4. A stoichiometric excess of -globin in the
sample would provide a trivial explanation for the
observed effect. However, this scenario seems unlikely,
considering that the spectrum of native Hb (Figure 1) is
dominated by ()2 tetramers and  dimers, thereby
suggesting an : concentration ratio close to unity. The
stoichiometric ratio in solution was measured directly
by UV-Vis absorption spectroscopy after separating the
subunits by HPLC under acidic conditions, resulting in
Figure 2. ESI mass spectra of Hb at pH 3.4, using a concentration
of (a) 80 M and (b) 0.8 M for each of the subunits. The spectra
were recorded by direct infusion using a flow rate of 1 L min1.
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ruled out that the higher ESI-MS response of -globin is
caused by simple concentration effects.
It is instructive to consider the concentration of
excess charge, Cq, that is available under the conditions
of Figure 2a. With K  0.25 S m1 [19, 22],   0.07 N
m1, e  80, and Vf  1 L min
1 it follows from eq 1
that Cq 
 160 M. For the spectrum in Figure 2a the
average charge states are q  16 and q  14. With
a protein concentration of 80 M for each subunit the
concentration of charge required for the ionization of all
the proteins in the sample is C0  2400 M (eq 2). Thus,
the data in Figure 2a represent conditions of severe
charge deficiency (Cq  C0). As outlined in the Intro-
duction, such a scenario will result in suppression of the
species with the lower surface activity [21]. Thus, the
observed signal intensity ratio suggests that -globin
can compete for charge more effectively than the -sub-
unit under the conditions used here. Keeping in mind
the results of previous studies [15, 21, 29–32], this
implies that -globin has a less nonpolar character,
which results in a reduced surface activity. A sequence
analysis reveals that differences in the overall hydro-
phobicity of the two subunits cannot be directly attrib-
uted to their amino acid composition. When assigning
Kyte–Doolittle scores to every residue, ranging from 4.5
for Ile to 4.5 for Arg [47], it is found that the average
hydrophobicities of the - and -globin sequences are
virtually identical, 0.017 and 0.020, respectively. This
suggests that the differences in nonpolar character must
be linked to conformational effects.
HDX measurements were carried to probe possible
structural differences under the conditions of Figure 2.
The HDX kinetics of proteins is highly sensitive to their
overall structure; unfolded conformations undergo
HDX at higher rates than species that are more folded
[48, 49]. Although primary structure effects are also
known to affect these rates, this factor is negligible for
the HDX properties of the two globin subunits [50].
Instead, differences in the isotope exchange kinetics
must be attributed to the degree by which exchangeable
sites are protected, either sterically or through hydro-
gen bonding. It is found that the HDX behavior of
-globin at pD 3.4 is very similar to that of the unstruc-
tured control peptide bradykinin, implying that this
protein is extensively unfolded and, therefore, has most
of its hydrophobic residues exposed to the solvent
(Figure 3) [51]. In contrast, -globin shows notably
slower exchange kinetics, thereby proving that the
-subunit retains more folded structure at pH 3.4 than
-globin. Because partially folded proteins typically
exhibit a hydrophobic core, it can be inferred that
-globin has at least some nonpolar residues shielded
from the solvent under the conditions of this experi-
ment [52]. These findings support the conclusion
reached earlier—that the greater degree of unfolding of
the -subunit and the concomitant exposure of nonpo-
lar residues results in a greater surface activity than for
-globin.For the spectrum in Figure 2b the protein concentration
was reduced to 0.8 M for each subunit, while leaving the
other experimental conditions identical to those of Figure
2a. With q  q  18 the data of Figure 2b represent a
charge-surplus scenario (Cq  C0) because C0 
 29 M
and Cq 
 160 M. This charge surplus induces a notice-
able shift of the spectrum to higher protonation states
when compared to Figure 2a [20, 21]. Importantly, signal
suppression under these conditions is not as pronounced.
The relative intensity of -globin increases almost four-
fold, resulting in an : peak intensity ratio of 2.4. How-
ever, even in Figure 2a the -globin intensities remain
notably lower than those of the -subunit. This persistent
imbalance is surprising, considering that the available
charge should be sufficient to eliminate suppression ef-
fects, regardless of the structure and surface activity of the
proteins involved [21].
To gain further insights into the role of conforma-
tional effects, ESI mass spectra were recorded under
more acidic conditions (pH 2.2) that promote further
unfolding of -globin (Figure 4). HDX measurements
confirm that the degree of unfolding for the - and
-chains is more similar at pD 2.2 than at pD 3.4 (Figure
5). Both proteins appear to retain little residual struc-
ture, reaching a final HDX level close to 95% after 20
min. However, small differences in the isotope ex-
change behavior persist. ESI mass spectra recorded at
monomer concentrations of 80 M (Figure 4a) and 0.8
M (Figure 4b) once again represent conditions of
charge deficiency and charge surplus, respectively. In-
terestingly, the : intensity ratios observed in both
experiments are virtually identical, with values of 2.2
and 1.9. Very similar spectra and HDX kinetics were
recorded when the pH was lowered even further to 1.5
(data not shown). The observation that the relative 
and  ion intensities are independent of the Cq:C0 ratio
Figure 3. Mass shifts of - and -globin measured after incuba-
tion of the two proteins in 95% D2O, 5% H2O at pD 3.4. Also
shown are the HDX kinetics of the unstructured peptide bradyki-
nin for comparison. Solid lines are exponential fits of the form:
Deuteration Level  y0  a(1  e
kt), with y0  56, a  37, and k
 0.31 min1 for -globin; y0  54, a  35, and k  0.15 min
1 for
-globin.strongly suggests that both subunits exhibit almost the
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tent with the HDX data in Figure 5. It is unexpected,
however, that the signal intensity of -globin under
these conditions still remains significantly higher than
that of -globin. This leads us to conclude that surface
activities and the availability of charge are not the only
factors that need to be considered to account for the
observed imbalance.
Clues to the origin of the consistently biased :
intensity ratio come from LC-MS analyses of the globin
mixture at pH 2.2. Suppression effects should be absent
in these experiments as a result of the spatial and
temporal separation of the two proteins. Integration of
Figure 4. ESI mass spectra of Hb at pH 2.2, using a concentration
of (a) 80 M and (b) 0.8 M for each of the subunits. The spectra
were recorded by direct infusion using a flow rate of 1 L min1.
Figure 5. HDX kinetics - and -globin as in Figure 3, but at pD
2.2. Fitting parameters: y  58, a  37, and k  0.26 min1 for0
-globin; y0  56, a  39, and k  0.16 min
1 for -globin.the - and -globin total ion current (TIC) sections
results in a peak area ratio of 0.9, that is, close to unity
(Figure 6a). This ratio, however, appears to be at odds
with the ESI-MS spectra extracted from the two regions
that, once again, show lower peak intensities for the
-subunit (Figure 6b, c). Similarly, the spectrum ob-
tained from the combined TIC sections of the two
subunits is strongly dominated by -globin peaks (Fig-
ure 6d). This apparent contradiction is resolved by
noting that most of the -globin TIC is caused by a
strongly elevated baseline (Figure 6c), whereas the TIC
of the -subunit is dominated by bare [  zH]z ions
(Figure 6b). We attribute the chemical noise underlying
the peaks of the -subunit to the presence of incom-
Figure 6. Separation of Hb subunits by HPLC/ESI-MS. (a) TIC
trace, indicating signals that correspond to heme, - and -globin.
The small signal at t  44 min is attributed to 16 and 32
species, possibly oxidation artifacts generated during ESI. The
acetonitrile gradient used is shown as a dashed line. (b), (c) spectra
of - and -globin, obtained by integrating the TIC sections
indicated in the top panel. (d) Spectrum extracted from the
integrated TIC between t  40 and t  45 min.pletely desolvated -globin ions [53, 54]. Thus, a major
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signal intensities is the fact that a considerable propor-
tion of the protein ions remains bound to low molecular
weight species, likely solvent molecules. This results in
a spread of the overall ion intensity over a relatively
wide m/z range, thereby reducing the abundance of
properly declustered [  zH]z ions.
Support for this interpretation comes from experi-
ments on a globin mixture at pH 2.2 carried out with an
elevated declustering potential (cone voltage). These
conditions facilitate the complete desolvation of gas-
phase proteins in the ion sampling interface. Data
obtained in this way exhibit relatively balanced inten-
sities for the two subunits, with an : peak intensity
ratio of 0.8 (Figure 7). The observation that the intensity
bias favoring -globin ions can be eliminated in this
way underpins the notion that differences in the desol-
vation behavior are an important aspect for the imbal-
anced : intensity ratios under regular (soft) ESI
conditions. Analogous observations were made by
Frahm et al. [55], who demonstrated that thermal acti-
vation in the ion sampling interface resulted in a
leveling of the ESI-MS response for various DNA
strands. The shift of the spectrum in Figure 7 to lower
charge states is attributable to collision-induced disso-
ciation (CID), a process that preferentially affects highly
charged ions as a result of their increased electrostatic
and kinetic energy. The - and -globin CID fragments
generated in this way are responsible for the significant
chemical noise in the spectrum [53].
Conclusions
The goal of this study was to elucidate why some proteins
in a mixture consistently show higher ESI-MS intensities
than others. In agreement with earlier work [21] it is found
Figure 7. ESI mass spectrum of 4 M Hb at pH 2.2 recorded
under “harsh” conditions on a Waters LCT instrument
equipped with a Z-spray source. The declustering potential
(cone voltage) was increased to 85 V. In addition, the source
speedy valve was fully open, which lowers the pressure in the
hexapole ion guide and further increases the “harshness” of the
ion sampling process [59].that the ability of a protein to compete for charge isstrongly affected by its solution-phase conformation. Pro-
teins that are highly denatured and expose their nonpolar
residues to the solvent show a higher surface activity than
that of species that retain a more folded structure. This
situation applies to the data in Figure 2, where -globin
retains a more folded conformation than does -globin. If
the overall protein yield is limited by the available charge
(Cq  C0), such a conformational difference results in a
severe suppression of the more folded protein (Figure 2a)
[15, 21, 29, 31, 32]. Imbalances in ionization efficiency that
originate from differential surface activities can be greatly
reduced by working under conditions of charge excess (Cq
 C0). This explains why the suppression of -globin is
less pronounced in Figure 2b than in Figure 2a. In cases
where two proteins exhibit comparable surface activities,
their signal intensity ratio is virtually unaffected by the
degree to which charge is available (Figure 4). However,
another important factor that has to be taken into account
concerns differences in the desolvation behavior. Incom-
plete desolvation leads to a spread of the overall ion
intensity, thereby elevating the baseline background and
reducing the intensity of bare [M zH]z ions. For the Hb
system investigated here desolvation effects greatly con-
tribute to a consistently biased : peak intensity ratio.
Unfortunately, the experiments described here cannot
elucidate the reasons that are ultimately responsible for
the poor desolvation properties of the -chain. It is hoped
that future studies on the hydration behavior of biomol-
ecules in the gas phase will provide further insights into
this interesting question [56]. Collisional activation in the
ion sampling interface leads to a leveling of the signals
originating from differentially desolvated proteins, an
effect that was previously observed for other types of
analytes [55].
From the results of this work we conclude that one
has to be careful when estimating concentration ratios
of proteins in solution based on ESI-MS peak intensities,
an issue that is of particular relevance for the determi-
nation of protein–ligand binding affinities [57, 58].
Depending on the experimental conditions, substantial
deviations can occur. The extent of these deviations is
affected by the conformations and the resulting surface
activities of the various polypeptide chains, the magni-
tude of Cq relative to C0, and the desolvation behavior of
the proteins during ESI. To ensure that ESI-MS data
most accurately reflect solution-phase concentration
ratios it is important that the experiments are carried
out in the charge-excess regime and under conditions
favoring complete desolvation.
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